We studied photoluminescence (PL) spectrum and dynamics of undoped and electron-doped SrTiO 3 . At low temperatures below 100 K, we observed two band-edge PL peaks and a broad PL band in strongly photoexcited SrTiO 3 and electron-doped SrTiO 3 samples. In electron-doped samples, the peak energy of the broad PL band depends on the excitation photon energy at low temperatures: it changes from 2.5 to 2.9 eV with the excitation photon energy. On the other hand, the PL dynamics is independent of the excitation photon energy and is explained by a simple model involving single-carrier trapping and Auger recombination. From the PL spectrum and dynamics under different excitation photon energies, the PL processes in SrTiO 3 are discussed.
I. INTRODUCTION
Electronic and optical properties of transition-metal oxides are currently an area of active research.
1,2 Among them, SrTiO 3 has been of considerable interests as a key material of oxide-based electronics. SrTiO 3 is a wide-gap semiconductor with a band-gap energy of 3.2 eV and shows unique and multifunctional properties by electron doping. [3] [4] [5] Moreover, the recent discoveries, two-dimensional electron gases (2DEGs) in LaAlO 3 /SrTiO 3 heterointerface, [6] [7] [8] [9] [10] electric-field induced metallic surface, 11 and delta-doped SrTiO 3 , 12 prompt further interest in SrTiO 3 . The metallic 2DEG system shows unique electric and magnetic properties such as magnetoresistance and superconductivity at low temperatures. [9] [10] [11] [12] Very recently, we found a broad blue photoluminescence (PL) band at room temperature in electron-doped SrTiO 3 and strongly photoexcited SrTiO 3 . 13 The spectral shape of the broad blue PL band in electron-doped SrTiO 3 samples (Nb or La doped SrTiO 3 , and Ar þ -irradiated SrTiO 3 ) is very similar to each other. [13] [14] [15] [16] [17] Since the roomtemperature blue PL under high-density excitation reflects the intrinsic Auger recombination of photocarriers, studies of PL spectrum and dynamics in SrTiO 3 provide a new opportunity for understanding electronic properties of SrTiO 3 . However, the PL spectrum in SrTiO 3 at low temperatures is rather complicated, 16 and the PL processes still remain unclear. To clarify unique low-temperature electronic properties, we need to reveal the origin of the PL and carrier recombination processes in SrTiO 3 at low temperatures.
In this paper, we report the PL spectrum and dynamics in undoped and electron-doped SrTiO 3 . The electron-doped SrTiO 3 samples show two PL bands at low temperatures (sharp and broad PL bands) and one broad PL band at high temperatures. The PL bands of doped samples are independent of dopant species. At low temperatures below 100 K, the PL spectrum in electron-doped SrTiO 3 depends on the excitation photon energy. The spectral change occurs from the green PL band under low-energy excitation to the blue PL band under high-energy excitation. On the other hand, the decay dynamics of the broad PL band is independent of the excitation photon energy, and is well explained by a simple model involving single-carrier trapping and Auger recombination. Based on the excitation-energy dependence of the PL spectrum and dynamics, we discuss the PL processes in SrTiO 3 .
II. EXPERIMENTAL
We used undoped SrTiO 3 ions with 300 V acceleration voltage and 3 ml/min Ar-gas flow for 10 min)]. All samples were 0.5 mm thick. Undoped samples were annealed under oxygen flow for 24 h at 700 K to reduce oxygen vacancies. We performed time-resolved PL measurements with a time resolution of about 40 ps using a streak camera and a monochromator. The excitation light source was an optical parametric amplifier system based on a regenerative amplified mode-locked Ti:sapphire laser with a pulse duration of 150 fs and a repetition rate of 1 kHz. The laser spot size on the sample surface was measured carefully using the knife-edge method. At 300 K, the PL spectra show a broad blue PL band at around 2.9 eV, regardless of dopant species. It was previously reported that a broad blue PL band is observed in strongly a)
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Author to whom correspondence should be addressed. Electronic mail: yasuhiro.yamada@fx5.ecs.kyoto-u.ac.jp. photoexcited SrTiO 3 and electron-doped SrTiO 3 . 13, [16] [17] [18] [19] In addition, from the excitation-intensity dependence of the PL intensity, we clarified that the broad blue PL is caused by the bimolecular recombination of electrons and holes and the PL decay dynamics is determined by nonradiative Auger recombination. 13, 15 At 8 K, we observe sharp band-edge PL peaks at around 3.2 eV and a green PL band at around 2.5 eV in all SrTiO 3 samples. Note that in undoped samples the 2.9 eV broad blue PL band is also observed in the nanosecond time region by means of time-resolved PL measurement. 16 Two PL peaks appear at 3.22 and 3.27 eV in undoped samples. We have confirmed that these PL peaks coincide with the high-and low-temperature onsets of optical absorption, 19, 20 and concluded that the two PL peaks originate from band-to-band radiative recombination of free electrons and holes involving phonon-emission and phonon-absorption processes, where the momentum-conserving is the 25 meV zone-edge transverse-optical phonon. 19 The green PL band at around 2.5 eV in undoped SrTiO 3 shows a high quantum efficiency and a long decay time of milliseconds at low temperatures. According to the previous works, [21] [22] [23] this PL origin was assigned to impurity centers or self-trapped excitons. The green PL is also observed in electron-doped SrTiO 3 , but its intensity is much weaker than that of undoped SrTiO 3 . Moreover, the PL decay of electrondoped SrTiO 3 (s $ns) is much faster than that in undoped SrTiO 3 . The reduction of the PL intensity and the PL lifetime implies the importance of the impurities and defects rather than of the intrinsic self-trapped excitons.
To obtain a deeper insight on the PL processes in SrTiO 3 , we studied excitation-energy dependence of PL spectra at different temperatures. In undoped SrTiO 3 , the low-temperature PL consists of the blue and green PL bands. The blue and green PL intensities show quadratic and linear dependences on excitation density, respectively, 16 and the PL spectrum depends strongly on the excitation density. On the other hand, in electron-doped SrTiO 3 , the PL spectrum shape is independent of the excitation density. Here, we discuss the excitation-energy dependence of the PL spectrum under weak photoexcitation using electron-doped samples. Figure 2 shows the PL spectrum of SrNb 0.01 Ti 0.99 O 3 at (a) 300 K and (b) 8 K under 3.44 and 4.00 eV excitation. The excitation density was below 0.2 mJ/cm 2 . At 300 K, the PL spectrum is independent of the excitation photon energy. In contrast, at 8 K, the PL spectra under excitation at 3.44 and 4.00 eV are quite different. In electron-doped SrTiO 3 , the PL spectrum shape is independent of the excitation density but depends on the excitation photon energy under low excitation density, where the photogenerated carrier density is much less than doped carrier density.
The PL peak energy at different temperatures in SrNb 0.01 Ti 0.99 O 3 is plotted as a function of the excitation photon energy in Fig. 3 . At high temperatures above 200 K, the PL peak energy is located at around 2.9 eV and independent of the excitation photon energy. On the other hand, at low temperatures below 100 K, the peak energy is sensitive to the excitation energy and it changes from 2.5 to 2.9 eV with an increase of the excitation energy. This PL spectral change indicates that the PL spectrum depends on the penetration depth of the excitation laser light. To clarify the excitation-energy dependence of the PL process, we studied the PL decay dynamics under several excitation energies. Figure 4 (a) shows the PL decay dynamics of SrNb 0.01 Ti 0.99 O 3 under excitation photon energies of 3.44 and 4.00 eV at 8 K, where the PL decay curves are monitored at the PL peak energy. The PL decay profiles show a single exponential decay and are independent of excitation photon energy, while the PL spectrum shape depends on the excitation photon energy at low temperatures (see Figs. 2  and 3) .
We have previously shown that the blue PL decay dynamics of SrTiO 3 is dominated by recombination of free electrons and holes. 13, [15] [16] [17] [18] The carrier recombination model involves nonradiative single-carrier trapping, radiative bimolecular recombination, and nonradiative Auger recombination. This recombination model is useful in many semiconductors. 15, 16, 24, 25 In the electron-doped samples, where the doped electron density N e is much larger than photogenerated carrier density n, the carrier recombination process is dominated by the Auger recombination involving two doped electrons and a photoexcited hole. In this case (N e ) n), the PL dynamics is written by
where A is single carrier-trapping rate. C is Auger recombination coefficient involving two-doped electrons and a photoexcited hole. BN e n term in Eq. (2) represents the radiative bimolecular recombination. As SrTiO 3 is an indirect-gap semiconductor, the bimolecular recombination rate is negligibly small (PL quantum efficiency < 1%) compared to single carrier-trapping rate and Auger recombination rate, because wavenumber-conserving phonons are needed for radiative recombination of electrons and holes. 16 According to Eqs. (1) and (2), the PL decay dynamics shows a single exponential decay with the lifetime of s ¼ (A þ CN e 2 ) À1 . 13, 15, 16 This is consistent with the experimental results shown in Fig. 4(a) . We obtained the PL lifetime as a function of temperature by fitting the experimental data using a single exponential function. The results are summarized in Fig. 4(b) . The PL lifetime is independent of the excitation photon energy in the temperature range from 8 to 300 K. These indicate that the blue PL intensity is determined by a simple recombination process of free electrons and holes.
Finally, we discuss the PL processes in electron-doped SrTiO 3 . As described by Eqs. (1) and (2), the blue PL decay dynamics is dominated by nonradiative recombination of free electrons and holes. However, the blue PL origin is not the simple band-to-band recombination of free electrons and holes, as is evident from large Stokes shift of the broad blue PL band. Actually, band-to-band PL is observed at 3.22 and 3.27 eV. 19 This fact indicates that the blue PL process involves localized states such as defects, unintentional impurities, or polaronic states. Therefore, we consider that the photoexcited free holes are localized, and immediately recombine with doped electrons for blue-light emission. 25 At low temperatures, the green PL appears, and then the global PL spectrum and dynamics become complicated due to the competition between the blue and green PL processes. As shown in Figs. 3 and 4 , the PL spectrum changes from green to blue as increasing the excitation photon energy, while the PL decay dynamics is unchanged. This indicates that the green and blue PL are caused by the localized-carrier recombination processes rather than free-carrier recombination processes.
The excitation-energy dependence of the PL peak energy suggests the inhomogeneous spatial distribution of deep nonradiative recombination centers for the green PL in SrTiO 3 samples. 17 Under high-energy excitation, the incident light is absorbed near the surface of the sample because of short penetration depth ($25 nm at 4.00 eV photoexcitation, where the penetration depth is estimated from Ref. 26 using the relation of absorption coefficient a and penetration depth d, d ¼ 1/a.), and the PL under high-energy excitation reflects the electronic states only near the surface. In the near-surface region, the nonradiative recombination rate at the initial state for the green PL is enhanced due to a large density of deep nonradiative recombination centers. The blue PL intensity is not sensitive to the excitation photon energy, compared with the green PL intensity, indicating that the deep nonradiative recombination centers are increased by chemical doping. Therefore, the green PL is quenched in the nearsurface region, and only the blue PL is observed under high-energy photoexcitation. Under low-energy excitation, on the other hand, the green PL is observed due to the radiative recombination at deep localized states in the interior region of the samples. At high temperatures above 200 K, the nonradiative recombination rate is much larger than the radiative recombination rate at deep states for the green PL, and thermal quenching of the green PL occurs efficiently. The excitation-energy dependence of the PL spectrum can be explained by spatial distribution of the deep nonradiative recombination centers. On the other hand, the blue PL intensity shows no significant dependence on the excitation energy, and remains at high temperatures where the green PL is quenched, as discussed above. Thus, we can conclude that the blue PL dynamics is not affected by the nonradiative recombination centers induced by impurity doping and is dominated by the intrinsic carrier recombination processes.
IV. CONCLUSION
In conclusion, we studied PL spectrum and dynamics in strongly photoexcited SrTiO 3 and electron-doped SrTiO 3 . The PL decay dynamics is independent of the excitation photon energy, and explained by a simple model involving Auger recombination and single-carrier trapping. The blue PL intensity is determined by recombination processes of free carriers. At low temperatures below 100 K, we found PL spectrum changes from the blue PL under high-energy excitation to green PL under low-energy excitation. This excitation-energy dependence can be explained by the spatial distribution of deep nonradiative recombination centers. In the near-surface region, the green PL is quenched and the blue PL is only observed.
